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Tomographic neuroimaging techniques allow visualization of functionally and structurally speciﬁc signals in the mouse and rat brain.
The interpretation of the image data relies on accurate determination of anatomical location, which is frequently obstructed by the lack
of structural information in the data sets. Positron emission tomography (PET) generally yields images with low spatial resolution and
little structural contrast, and many experimental magnetic resonance imaging (MRI) paradigms give speciﬁc signal enhancements but
often limited anatomical information. Side-by-side comparison of image data with conventional atlas diagram is hampered by the 2-D
format of the atlases, and by the lack of an analytical environment for accumulation of data and integrative analyses. We here present
a method for reconstructing 3-D atlases from digital 2-D atlas diagrams, and exemplify 3-D atlas-based analysis of PET and MRI data.
The reconstruction procedure is based on two seminal mouse and brain atlases, but is applicable to any stereotaxic atlas. Currently,
30 mouse brain structures and 60 rat brain structures have been reconstructed. To exploit the 3-D atlas models, we have developed
a multi-platform atlas tool (available via The Rodent Workbench, http://rbwb.org) which allows combined visualization of experimental
image data within the 3-D atlas space together with 3-D viewing and user-deﬁned slicing of selected atlas structures. The tool presented
facilitates assignment of location and comparative analysis of signal location in tomographic images with low structural contrast.
Keywords: 3-D reconstruction, atlas, brain, imaging, magnetic resonance imaging, positron emission tomography, stereotaxic, visual-
ization
INTRODUCTION
Positron emission tomography (PET) and magnetic resonance imaging
(MRI) techniques are increasingly used for investigations of the mouse
and rat brain, in the context of numerous types of general brain mapping
or disease model investigations. PET imaging reﬂects function and not
primarily structure, and therefore, reveals few landmarks in the brain or
skull. MRI imaging shows a variable degree of structural detail, depend-
ing on the speciﬁcations of the instrument and the imaging protocols. A
common challenge is therefore to assign locations to the data collected
with use of available brain atlases.
PET and MRI techniques produce three-dimensional (3-D) volume
(tomographic) data, whereas standard brain atlases have until recently
been available only in a two-dimensional (2-D) format. The established
and most commonly used atlases of the mouse and rat brain (Paxinos and
Franklin,2001;PaxinosandWatson,1998,2005;Swanson,2004)provide
series of sections, cut at speciﬁed angles, with external surfaces and
internal boundaries of areas and nuclei indicated, and names assigned to
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the delineated structures. Use of such atlases for neuroimaging studies
are hampered by the 2-D format as well as a lack of an analytical
environment for comparison and integration of atlas and image data.
Recently, atlases with 3-D representations of major brain structures
have been developed for the mouse (Boline et al., 2006; Chan et al.,
2007; Gustafson et al., 2004; Lein et al., 2007; MacKenzie-Graham et al.,
2004). Both the 3-D mouse brain atlas of the Biomedical Informatics
Research Network, BIRN (Boline et al., 2006), and the 3-D surgical mouse
atlas developed at the University of Toronto (Chan et al., 2007) support
import of experimental data (e.g., TIFF and Analyze Image format), which
can either be visualized as orthogonal slices in a separate window or in
the 3-D viewer. Furthermore, the BIRN atlas facilitates alignment of the
experimental data with the atlas, with a set of predeﬁned transformation
parameters (i.e., 180degrees rotation, swapping, and mirroring). As
concerns 3-D rat brain atlases, several efforts are under development
(see e.g., Gustafson et al., 2004, 2007), and a recently deployed
neuroanatomical afﬁliation visualization-interface system demonstrates
parts of the rat brain stem in 3-D (Palombi et al., 2006), but there is to
our knowledge currently no comprehensive rat brain atlas available.
Tofurtherfacilitatethetaskofestablishingaspatialmappingbetween
neuroimaging data and atlas space for the mouse and rat brain, we have
established a pipeline for 3-D reconstruction of structures from two of
the seminal high-resolution standard atlases (Paxinos and Franklin, 2001;
Paxinos and Watson, 2005) including the stereotaxic space provided by
the atlases. These particular rodent atlases are widely used and share a
commonnomenclatureforbothmouseandrat.Thepresentversionsofthe
3-D reconstructed atlases include 30 structures for the mouse brain and
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Figure 1. Thestepwise3-Datlasreconstructionprocedure.(A)Acoronalratbrainatlasdiagram(reproducedfromPaxinosandWatson,2005,withpermission)
withthestereotaxicgrid,sectionnumber,structurelabelingandthedistancefrombregmaindicated.(B)ThesamediagramimportedtoIllustrator,whereregions
of interest (ROIs) are selected and assigned a color code. (C) Image of the Amira GUI showing segmented ROIs. (D) Selected 3-D reconstructed structures
visualized in the m3d tool. (E) The same reconstruction as shown in (C) coronally sub-divided using the m3d slicing module. (F) Customized atlas diagram,
corresponding to (A), exported from m3d. A separate module in m3d is used to render the sub-divided surfaces as solid objects. ic, internal capsule; Rt, reticular
thalamicnucleus;VPM,ventralposterolateralthalamicnucleus;VPL,ventralposteromedialthalamicnucleus;cc,corpuscallosum;Po,posteriorthalamicnucleus.
60 structures for the rat brain. We have, furthermore, developed a multi-
platform tool that allows sharing of the reconstructed atlas framework,
surfacemodelingandrotationofselectedstructures,slicingatanychosen
angle,andthepossibilitytoaddnewstructurestotheframeworkaccording
totherequirementsofagivenstudy.ThetoolallowsimportofPETandMRI
data to facilitate comparison with the atlas and warping of experimental
image data into atlas space. The approach taken uses linear registration,
with the possibility to scale, rotate, and position the imported data, either
globally, using the whole brain as template, or locally, using smaller parts
of the brain as template. Here we demonstrate the use of this tool as a
dynamic and analytical environment for assigning location to image data
and discuss advantages of the approach taken as well as some of the
remaining challenges.
MATERIALS AND METHODS
Structures from two atlases, “The Rat Brain in Stereotaxic Coordinates”
by Paxinos and Watson (2005) and “The Mouse Brain in Stereotaxic Coor-
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Figure 2. Examples of rat brain regions included in the 3-D rat brain atlas.( A–H) Atlas representations of four major brain regions visualized as solid, color
coded 3-D surfaces within the transparent outer surface of the brain, and as corresponding 2-D coronal slices, obtained from anteroposterior levels indicated
by arrows. (A, B) 16 selected cerebrocortical brain regions. (C, D) Major regions of the basal ganglia. (E, F) Hippocampus and entorhinal cortex. (G, H) Selected
sub-regions of the thalamus. In (G) thalamus (th) is made transparent in order to visualize the underlying sub-regions. Cg2, cingulate cortex area 2; Cg1,
cingulate cortex area 1; S1, primary somatosensory cortex; S1HL, hindlimb region; S1FL, forelimb region; S1DZ, dysgranular zone; S1ULp, upper lip region; S2,
secondary somatosensory cortex; DI/GI, insular cortex; Fr3, frontal cortex, area 3; S1J, jaw region; S1Tr, trunk region; S1BF, barrel ﬁeld; V2L, secondary visual
cortex, lateral area; V2M, secondary visual cortex, medial area; V1, primary visual cortex; Lent, lateral entorhinal cortex; Acb, accumbens nucleus; CPu, caudate
putamen; EGP, external globus pallidus; IGP, internal globus pallidus; STh, subthalamic nucleus; SNR, substantia nigra; DG, dentate gyrus; CA2/CA3, ﬁeld CA2
and CA3 of the hippocampus; CA1, ﬁeld CA1 of the hippocampus; LEnt, lateral entorhinal cortex; MEnt, medial entorhinal cortex; th, thalamus, whole region;
sub, submedius thalamic nucleus; Po, posterior thalamic nucleus; VPM, ventral posterolateral thalamic nucleus; VPL, ventral posteromedial thalamic nucleus;
Rt, reticular thalamic nucleus; PF, parafasicular thalamic nucleus.
dinates” by Paxinos and Franklin (2001) were 3-D reconstructed. The
diagrams in Paxinos and Watson (2005) were derived from coronal sec-
tions spaced at intervals of 120m, all collected from a single Wistar rat
brain. The diagrams in Paxinos and Franklin (2001) were obtained from a
sample of 26 adult C57BL/J6 mice. Both atlases use the same stereotaxic
coordinate system (Paxinos and Watson, 1982), structure nomenclature
and abbreviations. The reconstruction procedure is here exempliﬁed with
use of the Paxinos and Watson (2005) atlas, but may be applied to any
stereotaxic atlas providing digital drawings. The practical application of
the reconstructed 3-D rat brain atlas is exempliﬁed on basis of a set of
MRI and PET data.
3-D atlas reconstruction and visualization
The coronal atlas of Paxinos and Watson (2005) provides digital dia-
grams (EPS format; Figure 1A) containing separate information layers
(i.e., stereotaxic coordinate grid, structure names, and boundary lines).
All diagrams were organized in separate layers and aligned to the stereo-
taxic grid of the atlas using Adobe Illustrator CS2 (Adobe Systems Inc.,
San Jose, CA). Regions of interest (ROIs, deﬁned by closed boundary lines
in the atlas) were segmented in relevant diagrams by assigning a speciﬁc
color (Figure 1B). Occasionally, structures lacked unequivocally deﬁned
or closed boundaries, and contour lines were closed arbitrarily after fol-
lowing a set of predeﬁned rules. Each segmented layer was exported
separatelyasanimage(TIFF)ﬁletoAmira4.0(MercuryComputerSystems
Inc., Chelmsford, MA) for 3-D reconstruction. Since the export function in
Illustrator is based on what is visible in the ﬁgure, all other layers and
sub-layers were hidden. All exported images were enclosed by a stan-
dard invisible (white) rectangular frame, representing the stereotaxic X,Y
space for each diagram, to ensure identical dimension and positioning of
objects. Anterioposterior positions (Z-values) were deﬁned by the bregma
values given in the atlas diagrams. These values were entered upon load-
ing stacks of image ﬁles to Amira, resulting in a 3-D atlas reconstruction
aligned according to the stereotaxic framework of the atlas. Image col-
ormaps (RGBA-tupels) were converted to intensity values represented as
gray scale images, and voxels were assigned to the different structures
using the “LabelVoxel” tool in Amira, employing thresholding algorithms
(Figure 1C). Surfaces were rendered using the Amira SurfaceGen tool
and exported as VRML (Virtual Reality Modeling Language) ﬁles. A custom
Java3D visualization tool (m3d) was developed to import and visualize the
VRML atlas structures (Figures 1D, and 2) as well as tomographic image
data(PETorMRI)inNIfTI(NeuroimagingInformaticsTechnologyInitiative,
http://nifti.nimh.nih.gov)ﬁleformat.Thevolumetricimagedatawerevisu-
alized using texture mapping with transparency and thresholding applied
to Texture3D Java3D class, and displayed in m3d together with the 3-
D atlas structures. In addition, 2-D user-deﬁned slices, prepared at any
angle and orientation, of both the atlas (performed by ModelClip Java3D
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Figure 3. Customizedatlasdiagrams.Seriesofcustomized,colorcodedcoronal(B,F),horizontal(C,G),andsagittal(D, H)atlasdiagrams,generatedusingthe
slicing and ﬁlling module in the atlas tool. Blue, red, and green bounding boxes in (A, E) indicate the levels from which the respective slices were obtained. (A–D)
Standard orientation of atlas slices, oriented perpendicularly to axes of the stereotaxic coordinate system. (E–H) Example of atlas slices cut at non-standard
angles, tilted 5degrees from the planes used in (B–D). Black arrow heads indicate examples of structural differences between the corresponding diagram pairs,
emphasizing the importance of having atlas diagrams with similar orientation as experimental slices. hy, hypothalamus, whole region; ic, internal capsule; cc,
corpus callosum; CA1, ﬁeld CA1 of the hippocampus; CA2/CA3, ﬁeld CA2 and CA3 of the hippocampus; DG, dentate gyrus; cg, cingulum; Po, posterior thalamic
nucleus; Rt, reticular thalamic nucleus; VPL, ventral posteromedial thalamic nucleus; VPM, ventral posterolateral thalamic nucleus; AHi, amygdalohippocampal
area; ml, medial lemniscus; CPu, caudate putamen; PF, parafasicular thalamic nucleus; STh, subthalamic nucleus; ML, medial mammillary nucleus.
class extended by a cutting and contour-ﬁlling algorithm; Figures 2 and
3) and the image data were generated.
Image import and co-registration
Co-registrationofexperimentalimagedatatoatlasspacecanbeachieved
in several ways. The present version of the m3d program allows afﬁne
transformations that are implemented with use of a transformation tool
interface for deﬁning scaling, rotation, and translation. As exempliﬁed
below, co-registration is based on recognizable brain or skull landmarks,
and different strategies may be employed depending on the nature of
the image data. The precision of co-registration critically depends on the
precisionwithwhichanatomicallandmarksmaybedetected,whichinturn
also depends on voxel size and structural contrast (see also Discussion).
Size and shape differences that may occur due to individual variation
or by extraction of the brain from its enclosed position in the skull, can
be adjusted by non-linear transformation (not included in the present
software), or by limiting the co-registration to smaller ROIs.
Animal experiments
Animal procedures were approved by institutional animal welfare com-
mittees at the University of Oslo or Massachusetts General Hospital, and
wereincompliancewithNationalInstitutesofHealthguidelinesfortheuse
and care of laboratory animals. During all experiments body temperature
was kept constant by the means of feedback regulated heating pads. Eye
ointment was applied in order to prevent dehydration of the cornea.
In vivo pathway tracing with Mn 2+-enhanced MRI. MR images were
obtained at the Massachusetts General Hospital NMR-Center using a
3 Tesla Trio whole body human scanner (Siemens Medical Solutions,
Iselin,NJ).AdultmaleSprague–Dawley(SD)rats(Taconicfarms,German-
town, NY) were anesthetized with urethane (Abbott, Chicago, IL; 1.2g/kg
i.p., with 10% supplements during surgery as needed). This provided
stable anesthesia for the entire imaging session (see also Field et al.,
1993). Animals were monitored by pulse oximetry, and body tempera-
ture was maintained at 37◦C by a water-circulating heating pad (Gaymar
T/Pump; Gaymar Industries, Orchard Park, NY). The T1 contrast agent
manganese (Mn2+) was applied as outlined in Leergaard et al. (2003).
Brieﬂy, animal heads were immobilized in a stereotaxic frame, a small
opening was made in the skull and dura overlying the SI cortex, and
∼10nl of an aqueous solution of 2.0M manganese chloride (MnCl2;I C N
Biomedicals Inc., Aurora, OH) was slowly injected 1.0mm below the pial
surface through a glass pipette mounted on a 1.0l Hamilton syringe
placed in a microinjection unit (Kopf 5001, Kopf Instruments, Tujunga,
CA). Locations of injection sites were stereotaxically deﬁned according to
published topographical maps (Chapin and Lin, 1984). MR images were
obtainedusingthe(human)bodyRFcoilforexcitation,andacustommade
loop surface receiver coil. T1 weighted volumetric images were obtained
using a 3-D FLASH sequence with TR/TE/ﬂipangle=44ms/13.37ms/40
degrees. Images were obtained with 195m isotropic voxels, ﬁeld of
view=50×50×50mm3, matrix=256×256×256, with a scan time
of 48minutes and 4seconds. The animals were scanned continuously,
starting within an hour after the MnCl2 injection, and continuing up to
8–9hours after injection. At the end of the imaging experiments, animals
were euthanized with an overdose of sodium pentobarbital (200mg/kg).
To optimize visualization of the brain surface, the soft tissue
surrounding the brain was stripped away from the raw MR images using
PMOD software (PMOD Technologies Ltd., Zurich, Switzerland). The
trimmed MR images were imported to the 3-D atlas tool (Figures 4D
and 4G) and globally ﬁtted to atlas space using afﬁne transformations,
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Figure 4. MRI and 3-D atlas based localization of MnCl2 injection sites in the cerebral cortex.( A) Color coded drawing of major body representations in
the primary somatosensory cortex (SI), modiﬁed from Welker (1971), with permission. (B) 3-D reconstructed atlas representation of the brain surface with SI
regions indicated in corresponding colors. (C–E) and (F–H) show two different examples, in which MnCl2 was stereotaxically aimed at the forelimb or hindlimb
representationsofSI,respectively.(C,F)RawT 1-weightedMRIimagesacquired9hoursafterfocalapplicationofMnCl2.Atthepointofinjectionacentralzoneof
low signal intensity is visible, surrounded by a halo of bright signal enhancement. (D, G) 3-D reconstructed MRI volume registered to atlas space, showing Mn2+
signal enhancement surrounding the injection sites (arrows). (E, H) The same images combined with atlas reconstructions of relevant SI body representations.
Comparison of injection site locations with the atlas surface reconstructions revealed that one injection is centered on the dysgranular zone lateral to the SI
forelimb representation, while the other injection is centered on the SI hindlimb representation. Bar, 1mm.
based on measurements of multiple anatomical landmarks recognizable
in the images (brain surface and midline, the genu and splenium of
the corpus callosum, the decussation of the anterior commisure, the
ventricular system, the boundary between the cortical gray matter and
underlying white substance, the external boundaries of the hippocampus,
the caudate putamen complex, the optic chiasm, the substantia nigra
(intercalated between the cerebral peduncle and the medial lemnisc),
and the rostral boundary of the pontine nuclei). Because the in vivo
position of the cerebellum and of the ﬂaccid brain stem caudal of the
pons clearly differed from the atlas, these structures were disregarded in
the alignment procedure. For this dataset, the spatial displacement of the
differentimagelandmarkswithrespecttocorrespondingatlaslandmarks,
was measured to 164m±23 SEM, (range of 11–446m), which is at
the level of the resolution of the image data (voxel size=195m). The
size and location of the MnCl2 injections were analyzed by 3-D combined
visualization of the MR based representation of the brain surface and the
atlas representations of different cerebrocortical areas (Figures 4E and
4H). The position of Mn2+ signal enhancement within the thalamus was
analyzed by slicing the combined image and atlas volumes in 200m
thick slices using the m3d tool (Figures 5D, 5E, 5I, and 5J).
PET experiments. PET data were acquired at the Small Animal Imaging
Unit of the Center for Molecular Biology and Neuroscience, University
of Oslo, Norway, with use of a small animal PET scanner (microPET
Focus120,SiemensMedicalSolutions,Erlangen,Germany).Accompany-
ingcomputertomography(CT)datawerecollectedwithasmallanimalCT
scanner (microCAT, Siemens Medical Solutions, Erlangen, Germany). The
microPET scanner provides high sensitivity (6.5%) and high spatial reso-
lution (<1.3mm; Kim et al., 2007). A multi-modality animal bed was used
to collect data with both the PET and CT scanner without re-positioning
the animal.
Three different kinds of PET-data were imported to the 3-D atlas tool:
individual dopamine D2/D3 receptor binding data acquired using [18F]-
fallypride, individual brain and glioma tumor glucose metabolism data
acquired using [18F]-ﬂuorodeoxyglucose (FDG), and statistical parametric
mapping (SPM) group data collected from a study of brain activity during
nociceptive conditioning using FDG.
IndividualPETreceptorbindingdata. SDrats(NationalLabAnimalCen-
ter,Oslo,Norway)weighting200–250g,wereanesthetizedbyinhalationof
isoﬂurane2%(AbbottLaboratories,Illinois,USA).20MBq[18F]-labeledfal-
lypride(DepartmentofChemistry,UniversityofOslo,Norway)wasinjected
intravenously, and the rats were scanned for 180minutes. Data were
collected in list mode and reconstructed using 3-D OSEM-MAP (Jinyi
and Leahy, 2000; Jinyi et al., 1998) (2 OSEM iterations, 18 MAP iter-
ations, β=0.5, 128×128×95 matrix size, 0.87×0.87×0.80mm3
voxel size). Two image volumes were extracted from the acquired scans:
a sum image of the ﬁrst 5minutes of the scan reﬂecting tracer delivery
(“perfusion”) and a late scan sum image (60–180minutes) represent-
ing the D2/D3 receptor binding of [18F]-fallypride. Data were imported
and globally aligned to the atlas space in m3d on basis of the “perfu-
sion” image showing the external boundaries of the brain, as well as the
receptor binding image, showing a negative image of the brain surface
(Figures 6A–6D).
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Figure 5. Corticothalamic topographical organization revealed by MnCl2/MRI tracing and 3-D atlasing. Two cases are shown, case 1 (A–E), in which
MnCl2 was injected in the dysgranular zone adjacent to the SI forelimb representation (A), and case 2 (F–J), in which MnCl2 was injected in the hindlimb
representation of SI. (B, C and G, H) Raw coronal and sagittal T1-weighted MRI images obtained 9hours after injection. (D, E and I, J) Corresponding images with
overlay of selected reconstructed atlas structures. (K, L) Superimposed, pseudocolored images (case 1, yellow; case 2, blue) with an overlay of atlas derived
boundary lines, demonstrating a somatotopical organization of the different signals within the Po and VPM. ic, internal capsule; Po, posterior thalamic nucleus;
VPM, ventral posterolateral thalamic nucleus; VPL, ventral posteromedial thalamic nucleus; Rt, reticular thalamic nucleus. Bar, 1mm.
IndividualFDG-PETandCTdata. InbredBDIXrats(bodyweight>220g;
Harlan Olac Ltd. Bicester, UK) were used. The animals were anesthetized
by subcutaneous injection (2ml/kg) of a mixture of equal volumes of
Hypnorm(fentanylcitrate5mg/mL,JanssenL.P.,HighWycombe,UK)and
Dormicum(midazolam5mg/mL,Hoffmann-LaRocheLtd.,Basel,Switzer-
land). Fifteen days prior to the FDG-PET scan, 50.000 glioma cells (BT4Ce
gliomasarcoma cell line) were inoculated. The inoculation was performed
with the animal ﬁxed in a stereotaxic frame and injected with a 30G blunt
needle through a 1.0mm burrhole. FDG (GE Healthcare AS, Oslo, Norway)
was injected intravenously and the animals were scanned for 60minutes.
Attenuation correction was obtained by a 10minute transmission scan
with a 68Ge point source prior to injection. Data were collected in list
modeandreconstructedusing3-DOSEM-MAP(2OSEMiterations,18MAP
iterations,β=0.5,128×128×95matrixsize,0.87×0.87×0.80mm3
voxel size). The animals were then transferred to the CT scanner utilizing
themulti-modalitybedensuringthesamepositionofthehead.CTimages
were acquired using the same settings for all studies (80kVp, 0.5mA,
400ms, 360degrees rotation). Data were reconstructed using Feldkamp
reconstruction (512×512×512 matrix size, 0.1×0.1×0.1mm3 voxel
size). The FDG-PET and CT data were co-registered in PMOD, re-slicing
the resulting PET image to match the matrix and resolution of the CT
volume. The CT data were imported into m3d and linearly ﬁtted to atlas
stereotaxicspaceonbasisofthereadilyidentiﬁablebregmaandinteraural
line (Figures 6I and 6J). The same transformation parameters as for the
CT data were used to ﬁt the FDG-PET data set into exactly the same atlas
space (Figure 6L).
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Figure 6. (Continued).
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SPMgroupresults. TwentyfemaleSD(NationalLabAnimalCenter,Oslo,
Norway) rats weighing 200–250g, were adapted for minimum 10days to
theenvironmentandgivenfoodandwateradlibitum.Fortheexperiments,
theanimalswereanesthetizedbyinhalationof2%isoﬂurane(AbbottLabo-
ratories,Illinois,USA)anddividedintotwogroups;nociceptivestimulation
condition(n=10)andsham(n=10).Inaddition,allanimalswerescanned
at baseline. FDG (20–25MBq; GE Healthcare AS, Oslo, Norway) was
injectedthroughthetailveinandallanimalswerescannedfor60minutes.
Attenuation correction was obtained by a 10minutes transmission scan
with a 68Ge point source prior to FDG injection. Data were collected
in list mode and dynamically reconstructed using 3-D OSEM-MAP (2
OSEMiterations,18MAPiterations,β=0.1,128×128×95matrixsize,
0.87×0.87×0.80mm3 voxelsize).Statisticalcomparisons(pairedt-test
stimulation-baseline)betweenthetwogroupswereperformedwithSPM5
(Statistical Parametric Mapping, http://ﬁl.ion.ucl.ac.uk/spm) after intra-
subject co-registration and spatial normalization to a MRI template ﬁtted
to Paxinos and Watson atlas space (Schweinhardt et al., 2003; Figure
6Q). Signiﬁcance was accepted at the 5% level. Localization of statistical
signiﬁcantactivitywasdeﬁnedbytheuseofthe3-Datlasmodel.TheMRI
template was aligned with the atlas model in m3d (Figures 6R and 6S)
by the means of identiﬁable anatomical landmarks (outer boundaries of
the brain surface, gray and white matter contrast, genu and splenium of
the corpus callosum, outer boundaries of the hippocampus and caudate
putamen, and the ventricle system). Since spatial normalization between
the PET data and the MRI template was already performed in SPM5, the
same linear transformation obtained from the alignment could be applied
to the PET data (Figure 6T).
RESULTS
We have developed a procedure for 3-D reconstruction of a series of
2-D diagrams from conventional brain atlases. The 3-D reconstructed
atlases are displayed and utilized in a multi-platform tool (m3d), prepared
to include experimental data of different formats (i.e., JPEG, PNG, VRML,
and NIfTI). The focus of the present report is to exemplify how a relatively
straightforward atlas approach may be useful for the neuroanatomical
analysis in the context of import of whole brain MRI and PET data.
The 3-D rat brain atlas currently includes 60 structures, while 30
structures have been incorporated in the 3-D mouse brain atlas. The
structuresincludedaretheouterboundariesofthebrainandareas,zones
and nuclei of the cerebral cortex, hippocampus, basal ganglia, thalamus,
amygdala, as well as major ﬁber tracts (Figures 2A, 2C, 2E, and 2G).
The m3d atlas visualization tool allows interactive inspection of selected
3-D reconstructed structures as well as user-deﬁned slicing to create
customized 2-D atlas diagrams at any position and angle of orientation.
This feature is particularly suitable for comparison with experimental data
cut at angles different from the standard coronal, sagittal, or horizontal
orientations used in printed brain atlases (Figures 3E–3H).
The current version of the m3d tool allows import of image data and
subsequent registration of images to atlas space by interactive scaling,
rotation, and translation on basis of recognizable landmarks. Depending
on the modality of the experimental data, the alignment can be performed
globally for the entire whole brain data set, using the outer boundaries of
thebrainasatemplate,and/orlocallyforpartsofthewholebraindataset,
utilizingsmallerreadilyidentiﬁablelandmarksinthebrain.Inaddition,the
quality of the registration can be enhanced by a step-by-step alignment
of the atlas and image data with use of slicing at different locations and
angles. In m3d, co-registered image and atlas representations can be
co-visualized as 3-D objects and in 2-D custom deﬁned slices.
In the following, we exemplify the use of the 3-D atlas for assigning
location to MRI and PET image volumes.
MRI example
Toillustratetheuseofthe3-Datlastoassignlocationtodiscretestructural
signals observed with MRI, we here describe two experiments in which
high-resolution in vivo MnCl2/MRI pathway tracing (see e.g., Leergaard
et al., 2003; Pautler et al., 1998; Saleem et al., 2002) was used to visu-
alize speciﬁc corticothalamic connections, and 3-D atlasing was used to
assign location to tracer injection sites and observed signal enhance-
ment. To evaluate the position of injection sites and the corticothalamic
signal enhancement, the two MR image volumes were registered to atlas
space on basis of multiple recognizable anatomical landmarks and afﬁne
transformations.
In the two example experiments, MnCl2 was injected on basis of
stereotaxic coordinates, respectively aimed at the forelimb or hindlimb
representations of the primary somatosensory cortex (SI). When the ani-
malswerescanned∼9hoursaftertheinjection,injectionsiteswerevisible
in the T1-weighted images as bright regions, surrounding a core with low
signal intensity, presumably associated with high concentration of Mn2+
(Figures 4C and 4F; see also discussion in Leergaard et al., 2003). Mn2+
signal enhancement was observed at multiple cortical and sub-cortical
locations, as reported in Leergaard et al. (2003). Discrete Mn2+ signal
enhancement was observed in the internal capsule (ic) and at multiple
sites within the thalamus (Figures 5B, 5C, 5G, and 5H).
Co-visualization in m3d of the co-registered MR image volumes and
atlasreconstructionsofSIbodyrepresentations(Figures 4D–4H)demon-
strated that the injection site center in one example was located slightly
outside the targeted forelimb representation (Figure 4E), and in the other
examplethattheinjectionsitecenterwaslocatedcentrallyinthehindlimb
representation (Figure 4F). Identical results were obtained with use of
manual measurements of the mediolateral and anterioposterior distances
fromtheinjectionsitecenterstothemidlineandthegenuandspleniumof
the corpus callosum in the MR images. The manual measurements were
convertedtostereotaxiccoordinatesusingtheprintedatlasofPaxinosand
Watson(2005),andcomparedtoknownfunctionalmapsofSI(Chapinand
Lin, 1984).
To evaluate the location of Mn2+ signal enhancement within the thala-
mus, series of contiguous 200m thick coronal and sagittal slices were
obtained from the combined atlas and MRI volume. Overlay images of
Figure 6. Alignment and localization of PET data. Example 1: (A–C) perfusion image of [18F]-fallypride image was used for alignment to 3-D atlas space.
Arrows indicating surface boundaries. (D) Receptor binding image co-registered with the 3-D atlas model. (E, F)[ 18F]-fallypride-PET coronal and sagittal images
showing high-uptake regions. (G, H) Coronal and sagittal atlas sections localizing the high-uptake PET signals to the basal ganglia. Example 2: (I, J) Bregma
and the interaural line in the CT volume. (K) CT volume aligned with the 3-D atlas model. (L) FDG-PET signal aligned with the 3-D atlas on the basis of the
same transformation matrix as for the CT volume. (M, N) Coronal and sagittal PET images showing high-uptake of FDG in the brain tumor. (O, P) Coronal and
sagittal atlas diagrams locating the brain tumor in the right thalamic region. Example 3: (Q) co-registered FDG-PET image (colors) and MRI template. (R, S)M R I
template aligned to the 3-D atlas space on the basis of deﬁned landmarks. *, midline; **, upper boundary of cc. (T) SPM result volume aligned with atlas space
using the transformation matrix obtained from the MRI alignment. (U, V) Coronal and sagittal SPM result images showing statistical signiﬁcant voxels (p<0.05).
(W, X) Coronal and sagittal atlas diagrams locating the signiﬁcant signal to the rostral part of the amygdala. ic, internal capsule; Acb, accumbens nucleus; CPu,
caudate putamen; EGP, external globus pallidus; cc, corpus callosum; DG, dentate gyrus; CA2/CA3, ﬁeld CA2 and CA3 of the hippocampus; CA1, ﬁeld CA1 of the
hippocampus; th, thalamus, whole region; hi, hippocampal region; ec, external capsule; AHi, amygdalohippocampal area. Arrows indicate boundaries of regions
with increased PET signal. Bar, 1mm.
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relevant atlas structures (thalamic sub-nuclei and the internal capsule)
and MR images allowed atlas based anatomical segmentation of the MR
images (Figure 5). Thus, aided by the atlas overlay, it was possible to
distinguish Mn2+ signal enhancement located in the internal capsule and
within the posterior complex thalamus (Po) and the ventral posterolateral
nucleus thalamus (VPL) in both examples. Combined analysis of the two
data sets further allowed assessment of topographical organization at a
ﬁner scale (Figures 5K and 5L). This analysis clearly demonstrated that
the discrete clusters of signal enhancement where primarily distributed
within the boundaries of Po and VPL (Figure 5K), with an inside-out rela-
tionship corresponding to the well known internal to external somatotopic
distribution of hindlimb and forelimb representations in these thalamic
sub-nuclei (Fabri and Burton, 1991). Signal enhancement was also seen
in the reticular thalamic nucleus (Figure 5K), presumably representing
pathways en route to the Po and VPL. Furthermore, in our ﬁrst exam-
ple (Figures 5B–5E) some signal enhancement was also observed in the
ventral posteromedial thalamic nucleus (VPM), known to hold represen-
tations of the face (Fabri and Burton, 1991). This ﬁnding is presumably
related to the location of the injection site center in the dysgranular zone
betweentheforelimbandfacerepresentationsinSI.Weconcludethatthe
present 3-D atlas approach provided an anatomical segmentation of the
observed signal enhancement sufﬁciently accurate to resolve ﬁner details
of the well-known topographical organization found within sub-nuclei of
the thalamus (see e.g., Deschenes et al., 1998; Fabri and Burton, 1991;
Price, 1995).
PET examples
Toillustratetheuseofthe3-DatlastoassignlocationtoPETdata(Figure
6), we have used three different sets of experimental data.
Individual PET receptor binding data. The [18F]-fallypride data set
represents the D2/D3-receptor binding in the brain. The receptor bind-
ing image itself contains little anatomical information and could not be
aligned to atlas space (Figures 6E and 6F). “Perfusion” images of early
frames representing the initial hematogeneous tracer distribution were
used (Figures 6A–6C) to facilitate alignment, since these data show the
external contours of the cerebrum and cerebellum, as well to a certain
degree the outlining of the basal ganglia using different levels of voxel
intensity scaling. The same transformation parameters were then used
to ﬁt the receptor binding image into the atlas space in m3d (Figure
6D). Visualization of the receptor binding showed the highest density of
dopamine D2/D3 receptors to be present in the basal ganglia (Figures 6G
and 6H). Only a course alignment of the experimental data with the atlas
was possible due to limited structural information. A further judgment of
detailsofdistributionwasnotdeemedpossiblewiththepresentapproach.
Individual FDG-PET and CT data. FDG is a glucose analog and FDG-PET
imagesrepresenttherateofglucosemetabolismofthecells.Cancercells
mostly utilize more glucose than healthy tissue and tumors can therefore
be located as regions with high uptake of FDG in a PET scan (Figures 6M
and 6N). To be able to decide the size, extent, and location of the brain
tumor, the co-registered CT image was imported and aligned to the 3-D
atlas space in m3d using the location of bregma and the interaural line
which could be readily deﬁned in the CT volume (Figures 6I and 6J). The
inoculation site for the glioma cells is shown in Figure 6 K. The same
transformation matrix was applied to the FDG-PET volume in order to ﬁt
the data to atlas space (Figure 6L). The increased FDG signal deﬁning
the brain tumor was located in the right thalamic region. The quality
of the alignment procedure was in this case considerably enhanced by
utilizing CT as a complementary imaging modality. The readily identiﬁable
bregma and the interaural line provided concrete landmarks which could
be aligned in 3-D atlas space. Inaccuracies can occur due to inter-subject
variations in brain shape and size, and due to the fusion procedure of the
PET and CT data prior to import into m3d.
SPM group results. SPM delivers a result volume (cluster of voxels) at a
speciﬁedstatisticalsigniﬁcancevalue(Figures 6Uand6V).Thisparamet-
ricvolumewasalreadyﬁttedtothespaceofadeﬁnedanatomictemplate.
The MRI template was imported and aligned to the 3-D atlas space in
m3d by the aim of well-deﬁned landmarks, i.e., white matter and the
contours of the brain (Figures 6R and 6S) The same parameters were
applied to the signiﬁcant parametric volume in order to ﬁt the data to the
atlas space (Figure 6T). The nociceptive conditioning is an aversive and
stressful event, in which amygdala play a crucial role (Sah et al., 2003).
After alignment, a signiﬁcant effect of nociceptive conditioning could be
localized to the rostral volume of the amygdala (Figures 6W and 6X). The
alignmentoftheMRItemplatetothe3-Datlasspacewasperformedusing
a best-ﬁt approach based on large brain regions. Due to variations in the
rat brain shape and size, a perfect ﬁt is difﬁcult to obtain. If focusing on
speciﬁc areas within the brain, the transformation parameters might be
alteredusingsmallerlocalsub-regionsasalignmentlandmarks.However,
the resolution of microPET and averaging over several individuals has an
inherent inaccuracy limiting the detailed localization and separation of
smaller effects to speciﬁc, smaller sub-nuclei of any rat or even mouse
brain structure. Once the MRI-template has been sufﬁciently aligned to
a 3-D atlas, the same transformation routine and result reading can be
established for all data processed with statistical parametric mapping.
The 3-D atlas makes the data processing and interpretation less observer
dependent. As shown in Figures 6T–6X, the 3-D atlas ensures a sufﬁ-
ciently precise allocation of a statistical signiﬁcant result to a brain area
in relation to neighboring structures.
DISCUSSION
Wepresentamulti-platformtoolthatprovidesanewdynamicandanalyti-
calenvironmentforcomparingexperimentalimagedatatoaseminalatlas
reconstructedin3-D.Our3-Dreconstructionprocedurewasappliedtotwo
commonlyusedrodentbrainatlases,butcouldbeappliedtootheratlases
as long as they provide diagrams from sections with limited distortions,
mappedintoastereotaxiccoordinatesystem.Wefurtherdemonstratehow
theatlastoolcanbeusedtoalign3-Ddataofdifferentorigin(PET,PET/CT,
and MRI) to the same atlas space, facilitating analysis of localization in
the experimental data.
Intheexampleanalysesprovided,variableamountsofinformationwas
availabletoassisttheuserwiththeregistrationoftheexperimentaldatato
the3-Datlasspace.Themostlimitedstructuralinformationwaspresentin
the receptor binding PET data. The global registration performed for these
data, based on the outer contours of the brain visible in the early frames
recorded, was nevertheless sufﬁcient to identify the caudate-putamen
as the region containing the highest [18F]-fallypride receptor binding, in
agreementwithlegacydata(Mukherjeeet al.,1995).TheacquisitionofCT
images in register with the experimental PET images facilitated the atlas
registrationconsiderably,sinceskulllandmarks(readilydetectedwithCT)
could be directly mapped to the atlas coordinate space (which is based
on the same skull landmarks). Use of MRI in combination with PET is an
emerging new approach (Judenhofer et al., 2007). In our analyses, we
demonstrate an indirect MRI-based co-registration procedure. With this
procedure, the data sets were aligned to a common MRI template, which
in turn was registered to the 3-D atlas. In this example, the location of
the statistically signiﬁcant increased activity was found in the expected
location in the brain, in our case the amygdala following a nociceptive
conditioning (Sah et al., 2003). Finally, direct import of experimental MRI
data can be done with a high accuracy since a range of landmarks in the
brainarevisibleintheMRIdata.Ourhigh-resolutionMnCl2/MRIexamples
demonstrate the mapping of ﬁne-scale topographical organization within
thalamic sub-nuclei (see also Leergaard et al., 2003), corresponding with
previous maps of the thalamus (Fabri and Burton, 1991).
The general validity of the linear co-registration approach used in the
present study is indirectly demonstrated by the replication of known ﬁnd-
ings in the shown examples. For example, in the FGD-PET/MRI example,
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the majority of the observed PET signal is largely conﬁned to the ros-
tral part of the amygdala, in accordance with Sah et al. (2003).I nt h e
MnCl2/MRI example, in which several anatomical landmarks were seen in
theMRimages,themeanspatialdisplacementbetweenanatomicalland-
marks in atlas and image volume was found to be less than the size of
onevoxel.Thiscorrespondenceisatalevelsufﬁcienttostudytopographi-
calorganizationwithinsub-nuclei.Themajordisplacementbetweenatlas
and images in this example, not corrected for in our approach, was found
in the hindbrain. This displacement appears to be due to a dislocation
of the hindbrain occurring at the time of extraction of the brain from the
skull. Further analyses of the hindbrain would therefore require a second
step of registration in which the hindbrain is treated in isolation from the
remaining part of the brain. Adjustment for size variation alone will clearly
facilitate comparison of brain stem data from different rat brains (Brevik
et al., 2001; Leergaard et al., 2000). Thus, for tomographic material of
the quality here exempliﬁed, our linear procedures appear to provide suf-
ﬁcient accuracy to resolve most questions related to localization of data
andcomparisonbetweenanimals.Moreoptimizedco-registrationofmul-
tipledetailedanatomicallandmarksderivedfromhistologicalimages(Lein
et al., 2007; Toga et al., 1995) or high-resolution structural MRI (Ali et al.,
2005; Badea et al., 2007; Benveniste et al., 2000; Ma et al., 2005) would
require the use of non-linear methods.
An important feature of the 3-D atlas tool provided is the ability to
co-register image data to an atlas framework. The m3d tool supports the
import of voxel data in NIfTI ﬁle format, which allows import of volume
data such as PET, CT, and MRI. Future developments will include other
data formats. As discussed above, several approaches can be employed
for aligning image data to atlas space. In m3d, image data can be linearly
transformed (i.e., transformed with rotation, scaling, and translation) in
order to ﬁt the 3-D atlas space. The transformation matrix is calculated
based on identiﬁable landmarks in the image data. A PET image volume
typically lacks well-deﬁned structural information which may complicate
the alignment. The quality of the co-registration may be enhanced when
the researcher has access to other modalities such as MRI and/or CT.
The alignment of an MRI volume is based on anatomical landmarks such
as the outer boundaries of the brain and white matter. In a CT volume,
the deﬁnition of bregma and the interaural line provides a rigid aid in
calculatingthetransformationmatrix.Sincethepresentapproachisbased
on linear transformations only, local alignment errors may occur due to
inter-subject variations in rodent brain shape and size. High-resolution
MRI based probabilistic atlasing of the mouse brain indicate that this
variation is relatively low (average structure volume variation coefﬁcient
in the order of 7%; Badea et al., 2007; Ma et al., 2005). Given that such
variations may be partly compensated for by linear transformations, the
need to adjust for remaining variability must be viewed in relation to the
resolution employed in the tomographic image volumes to be analyzed.
The present approach, with a common analytical environment for
experimentaldataand3-Datlasreconstructions,notonlyfacilitatesdirect
assignment of anatomical location, but may also be useful in the context
ofgeneratingprobabilisticrepresentationsofthebrain.Probabilisticmaps
are typically based on manually segmented cases, but may also incorpo-
rate information from reconstructed atlases. Co-registration of manually
segmented cases into a common atlas space would thus enable the con-
structionofaprobabilisticatlas,containingaprioriprobabilitiesofvarious
anatomical structures at each location in atlas space. Such a probabilis-
tic atlas, in combination with the image contrast properties of different
structures, can in turn be used to automate the process of anatomical
segmentation (Ali et al., 2005; Fischl et al., 2002).
A major advantage of reconstructing standard stereotaxic atlases
(rather than constructing new customized atlases) is the wide recogni-
tion and use, and the high-resolution and comprehensive nomenclature,
of these atlases. Similarly, for human brain imaging data, the frequently
usedreferenceatlasspace(TalairachandTournoux,1988)hasbeenmade
available in many different formats in order to have a common refer-
ence space in the scientiﬁc community. Digital versions of the human
brain atlas exist in three orthogonal planes with a high-speed database
server for querying and retrieving data about human brain structures over
the internet (ric.uthscsa.edu/projects/talairachdaemon.html). The present
application of the 3-D atlases of the rat and the mouse brain makes it
simpler and more reliable to use these atlases in combination with 3-D
imaging modalities, and to bring data from different modalities into the
same environment. A further challenge would be to bring different tomo-
graphic data modalities together with primarily 2-D histological or other
section-based data, such as optical imaging data and autoradiography.
At present, the skull-based stereotaxic coordinate system of Paxinos and
Watson (1982) would seem to be a suitable common reference space.
Tools availability
Information on the availability of tools and atlas data can be found at The
Rodent Brain Workbench (http://rbwb.org).
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